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Abstract

An R-loop is a structure that forms when an RNA transcript stays bound to the DNA strand that
encodes it and leaves the complementary strand exposed as a loop of single stranded DNA. R-
loops accumulate when the processing of RNA transcripts is impaired. The failure to remove these
RNA-DNA hybrids can lead to replication fork stalling and genome instability. Resolution of R-
loops is thought to be mediated mainly by RNase H enzymes through the removal and degradation
of the RNA in the hybrid. However, DNA helicases can also dismantle R-loops by displacing the
bound RNA. In particular, the Pifl family DNA helicases have been shown to regulate R-loop
formation at specific genomic loci, such as tRNA genes and centromeres. Here we review the roles
of Pifl family helicases /n vivoand /n vitro and discuss evidence that Pifl family helicases act on
RNA-DNA hybrids and highlight their potential roles in complementing RNase H for R-loop
resolution.

Introduction:

RNA-DNA hybrids are produced during transcription and DNA replication. RNA-DNA
hybrids are even more stable than DNA hybrids, and thus special activities are required to
dismantle them. The best-known enzyme for removing RNA from RNA-DNA hybrids is
RNase H, which is found in almost all eubacteria, archaea and eukaryotes. RNase H

enzymes have received renewed attention with the recent discovery that RNA-DNA hybrids
or R-loops accumulate during times of replication stress and that the failure to remove them
can lead to genome instability [1] (Fig. 1). Given that RNase H enzymes are clearly linked to
R-loop resolution /n vivo, RNase H sensitivity has become the gold standard for the
presence of an R-loop structure.

Less appreciated is the role of DNA helicases in R-loop resolution (Fig. 1). Almost all
helicases load onto their nucleic acid substrate by binding to a single-stranded segment of
DNA or RNA. RNA helicases load onto single-stranded RNA while DNA helicases load
onto single-stranded DNA. The polarity of the loading strand is also critical for both types of
helicases. If a helicase loads onto a 3’ single-stranded DNA tail, itis a 3’ to 5° DNA
helicase; a 5’ to 3’ DNA helicase loads onto a 5” single-strand tail. The chemical identity of
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the strand that is displaced by a helicase is thought to have much less impact on substrate
specificity than the identity and polarity of the loading strand [2-5]. This view suggests that
most or even all DNA helicases should be able to displace not only DNA but also RNA that
is bound to the DNA strand on to which it loads [3-5]. Thus, at least theoretically, most
DNA helicases should be able to displace the RNA strand from a R-loop (Fig. 1).

In vitro assays show that some DNA helicases are not only able to displace RNA but do so
preferentially. Because quantitative comparisons of activity on RNA-DNA versus DNA-
DNA hybrids are rarely done, the fraction of helicases that show this preference is not
known. Even if a preference is shown /n vitro, experiments are required to determine if the
preference is relevant to the helicase’s in vivo activities. Although DNA helicases are
candidates for enzymes that dismantle R-loops, unlike RNase H, DNA helicases can only
displace but not degrade the bound RNA (Fig. 1).

In this review, we discuss biochemical and /7 vivo evidence that Pifl family helicases act on
RNA-DNA hybrids. Pifl family helicases are 5’ to 3° DNA helicases in the SF1 superfamily
[6]. The prototype member of this helicase family is the Saccharomyces cerevisiae Pifl
(hereafter, ScPifl), which was discovered in the early 1980°s in a genetic screen for
mutations that affect recombination of mitochondrial (mt) DNA [7]. Ten years later the
Zakian lab rediscovered ScPifl as an inhibitor of telomere lengthening, which demonstrated
that ScPifl acts in both nuclei and mitochondria [8]. Work from many labs continues to
identify new roles for the multi-functional ScPifl. Moreover, Pifl family helicases are
conserved, found in virtually all eukaryotes and some bacteria [6]. In addition to the seven
standard SFI helicase motifs, Pifl family helicases share a 23 amino acid motif called the
Pifl signature motif (SM) that is embedded within the helicase domain and that is a unique
marker for this helicase family [6, 9, 10] (orange box, Fig. 2). Although the 400-500 amino
acid helicase domain that contains the helicase motifs and the SM are conserved among all
Pifl family helicases, the size and especially the sequence of the terminal regions flanking
the helicase domains are different between organisms. Although most eukaryotes, including
humans, encode a single Pifl family DNA helicase, budding yeast and a few other single-
celled eukaryotes encode a second Pifl family helicase, called Rrm3, that is “40% identical
to ScPifl in its helicase domain. A scattering of eukaryotes encodes more than two Pifl
family helicases. For example, the parasite 7rypanosoma brucei expresses eight Pifl family
helicases, almost all with distinct functions, of which six are mitochondrial, one is
cytoplasmic, and one is nuclear [6]. Here, we focus on the two S. cerevisiae Pifl family
helicases, ScPifl and Rrm3, and Pfh1, the sole fission yeast Pifl family DNA helicase
(hereafter, SpPfh1).

The multifunctional S. cerevisiae Pifl:

ScPIF1 (Petite Integration Factor 1) was identified in a genetic screen for genes whose
mutation inhibits recombination between hyper-suppressive mitochondrial genomes [7].
Hyper-suppressive mtDNA contains a small portion of the 75 kb mt genome, which is
tandemly repeated to form large molecules of mtDNA. Hyper-suppressive mtDNA has the
unusual property of out-competing WT mtDNA after mating, a behavior that is dependent
on recombination. Further analysis showed that ScPif1 is also important for maintenance of
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WT mtDNA, which is lost quickly in a pif1A strain, especially at high temperatures or in the
presence of ethidium bromide [7, 11].

The Zakian lab rediscovered ScP/F1 in a mutant screen to identify genes needed to maintain
telomeric DNA [8]. One mutant from the screen had a slow growth rate, long telomeres, and
a high rate of adding telomeric DNA to double strand breaks (DSBs). ScP/F1 was identified
by its ability to suppress the slow growth rate of the mutant. The lab generated two
separation of function ScP/F1 alleles. Mutation of the first AUG in the open reading frame
(ORF) generates the pifl-m1 allele that lacks a mitochondrial localization signal and hence
its product is found only in the nucleus. As a result, pifl-m1, like pifi4 cells, grow slowly
because they are respiratory defective but have wild type (WT) length telomeres. The second
AUG is mutated in the pifZI-m2allele, and as a result pifZ-mZ2 cells are respiratory proficient
and grow about as well as WT cells but are deficient for the nuclear functions of ScPifl.
However, pif1-mZ2is not a null allele as multiple nuclear phenotypes, such as telomere
length, are not as defective in this background as they are in pifiA cells [8, 12-14]. Pifl
helicase and polymerase delta promote recombination-coupled DNA synthesis via bubble
migration [13]. Using these separation of function alleles, nuclear ScPIF1 was shown to
affect telomeres but not mtDNA, while mitochondrial ScPifl was shown to affect mtDNA
but not telomeres. Both the nuclear and mitochondrial functions require the ATPase activity
of ScPifl [15]. Chromatin immuno-precipitation (ChIP) shows that ScPif1 binds its targets
in vivo (e.g., [15, 16]), suggesting that it acts directly on substrates that are affected by its
absence.

Nuclear ScPifl is multifunctional. In addition to its role as a telomerase regulator, it has
multiple roles in non-telomeric DNA replication. First, ScPifl helps maintain the replication
fork barrier (RFB) in the ribosomal DNA (rDNA) that imposes co-directional replication
and transcription on the highly transcribed rRNA genes [16] (Fig. 3). Second, ScPifl has a
role in generating long flap Okazaki fragments, an intermediate in the processing of Okazaki
fragments. This function was revealed by the finding that deletion of ScP/F1 suppresses the
lethality of a dnaZ4 strain [17]. DNAZ2encodes a multi-functional helicase-nuclease, and its
nuclease activity is essential to process “long” flap Okazaki fragments [17, 18]. Because
ScPifl-deficient cells produce fewer long flap Okazaki fragments, DNAZis no longer
essential in pifiA cells. Third, ScPifl promotes the strand displacement activity of DNA
polymerase &, which is required for a specialized form of double strand break repair called
break-induced replication (BIR) that can rescue collapsed replication forks and promote
recombinational lengthening of telomeres [13, 19]. Fourth, ScPifl promotes replication and
suppresses DNA damage by unwinding G-quadruplexes (G4), four stranded DNA structures
held together by Hoogsteen G-G base pairs [12, 20]. The formation of these structures in
DNA can impede replication fork progression [12, 20], especially if they form on the
template for lagging strand synthesis [21], which increases the possibility of fork breakage
and hence genome instability [12, 22]. Fifth, in cooperation with Rrm3 (see below), ScPifl
promotes replication past stable protein complexes, such as those found at tRNA genes [23,
24] and centromeres [25]. Finally, as discussed in the last section of this paper, ScPifl
resolves R-loops at some substrates.
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Soon after its discovery, ScPifl was shown to be a 5’ to 3° DNA helicase [26]. However,
ScPifl has very low processivity on 5 tailed duplex DNA. Its activity and processivity are
increased on forked DNA substrates [26] and even more on RNA-DNA hybrids [27, 28], and
these two preferences can synergize to promote more efficient unwinding [27]. G4 structures
are also much better substrates for ScPifl than linear duplexes [22, 28]. The rapid unwinding
of RNA-DNA hybrids and G4 structures has been shown by both ensemble and single
molecule assays, and both occur with single cycle kinetics. Binding of ScPifl to G4
structures stimulates ScPifl’s unwinding activity on adjacent duplex DNA [29]. G4
structures come in multiple types, both intra and inter-molecular, parallel and anti-parallel,
and with loops of varying size. Although ScPif1 is capable of unwinding intramolecular G4
structures with short loops, the efficiency of G4 unwinding by ScPif1 is especially evident
on G4 structures with large loops and hence lower stability [30]. ScPifl can also displace
proteins from DNA [31] and anneal complementary DNA single strands [32]. The only
activity of ScPifl that is not dependent on its ATPase activity is strand annealing. The
presence and sequence of the 23 amino acid SM is essential for ATPase activity,
maintenance of mtDNA, and all tested nuclear functions [9]. It is likely that its multiple
enzymatic activities are the reason ScPifl affects so many different biological processes.

Rrm3, the second S. cerevisiae Pifl family DNA helicase

Rrm3 was discovered by two groups. The Zakian lab discovered Rrm3 when a gene was
found in a DNA database that encoded a protein that was partially similar to ScPifl. The
region of similarity is limited to the 450 amino acid helicase domains of the two proteins
(Fig. 2). Simultaneously, Rrm3 (rDNA recombination mutant 3) was discovered in a screen
for mutations that affect recombination in S. cerevisiae rDNA [33]. rrm3 mutations result in
a ten-fold increase in recombination between tandem rDNA repeats and CUPI genes but do
not affect recombination rates at most other sequences. Thus, Rrm3 suppresses
recombination in a locus specific manner. After the Keil lab cloned and sequenced RRMS3,
they realized it encoded a ScPifl-related protein (R. Keil, pers. comm).

Given their sequence similarity, we predicted that ScPifl and Rrm3 would have similar
functions. However, Rrm3 does not inhibit telomerase /n vivo [34], and ScPifl does not
inhibit rDNA recombination [16]. In fact, rDNA recombination is decreased about 3-fold in
pifl cells. In addition, mtDNA is stable in rrm3A4 cells, and deleting RRM3in a piflA
background partially suppresses the mtDNA loss phenotype of pifiA cells [35, 36]. Rrm3
does not affect mtDNA directly but rather does so by influencing dNTP levels [16, 35, 37].

Two-dimensional (2D) agarose gels were used to determine if Rrm3 and/or ScPifl affects
replication of rDNA or telomeres. These gels allow the separation of non-linear replication
intermediates from the far more abundant non-replicating linear DNA molecules [38]. rDNA
was studied first because its multi-copy nature makes it easier to analyze by 2D gels.
Moreover, the mode of rDNA replication had already been determined [39, 40].

The budding yeast rDNA repeat is unusual in that in addition to encoding the 35S rRNA
precursor, it also contains a 5S gene (Fig. 3A). Each repeat also has a potential origin of
replication, although only “10-25% of these origins are active in a given S phase [39-42]
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(Fig. 3B). Each repeat has a second c/s-acting sequence called the replication fork barrier
(RFB) that is a polar block to fork progression [39, 40]. Although replication initially
proceeds bi-directionally from each active origin, forks moving in the opposite direction as
35S transcription stop when they encounter the RFB (Fig. 3B). The block imposed by the
RFB is quite efficient as >90% of these forks arrest [43]. In contrast, forks moving in the
same direction as 35S transcription move into the adjacent rDNA repeat and through its RFB
without any evident delay. At the end of rDNA replication, a moving fork activated in an
upstream repeat converges on a fork stalled at the RFB (Fig. 3B). The fork arresting activity
of the RFB depends on Fobl, an RFB-binding protein that recruits a multi-protein complex
to the RFB [44-46].

The pattern of replication intermediates in 2D gels from p/fZ cells looks similar to that from
WT cells [16] (Fig. 3E and 3F). However, quantitation of the signal in the RFB in p/fZ cells
shows that reduced Pifl results in a less efficient RFB. This difference could be explained if
the RFB is active in only a third of repeats relative to WT cells or by forks pausing, rather
than arresting, at the RFB in some or all repeats (or some combination thereof). It is not
known if the helicase activity of ScPifl is needed to reinforce the RFB, but if not, it would
be the only substrate where ScPifl acts non-enzymatically.

Analysis of 2D gels indicate that rDNA replication in rrm3A cells is dramatically different
from WT cells (3E and 3G; [16]). In the absence of RRM3, replication forks pause at
multiple new sites in each rDNA repeat, including at the start and end of the 35S transcript,
5S genes, and inactive replication origins. Moreover, in rrm3A4 cells, the RFB becomes a
bidirectional impediment to fork progression [47], and forks converged at the RFB are much
more abundant [16]. All aspects of this phenotype are seen in cells expressing a helicase-
inactive Rrm3, demonstrating that the ATPase activity of Rrm3 is required for its roles in
rDNA replication. In addition, DNA breaks are evident in the rDNA, and recombination-
generated rDNA circles are about 10-times more frequent. Thus, Rrm3 promotes replication
fork progression at specific sites in the rDNA. The absence of Rrm3 leads to fork stalling
and DNA breakage, which is repaired by recombination. Hence, the recombination
suppressing activity of Rrm3, first reported by the Keil lab [33], is a secondary consequence
of its fork promoting activity. The Fobl-generated protein complex is required to make the
RFB Rrm3-sensitive [47], suggesting that Rrm3 promotes replication by helping forks
bypass the stable, Fob1-mediated multi-protein complex.

The effects of ScPifl on recombination can also be explained by its replication function
[16]. By strengthening the efficiency of the RFB, ScPifl increases the fraction of forks
arrested at the RFB. As arrested forks are more likely to break, increasing fork arrest at the
RFB increases rDNA recombination. Thus, ScPifl and Rrm3 both affect rDNA replication
and recombination, but they do so in quite different ways,

Analysis of 2D gels demonstrate that Rrm3 is also needed for fork progression through
telomeres and internal tracts of telomeric DNA [34]. There is modest fork pausing within the
~300 bps telomeric repeats even in WT cells, but this pausing is increased about 10-fold in
rrm3A cells. The pausing within internal tracts of telomeric repeats is increased about 2-fold
in rrm3A4 cells. In WT cells, fork pausing within telomeric DNA is largely dependent on
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telomeric silencing, as deletion of S/R2, 3or 4, three proteins required for telomeric
silencing [48], eliminate fork pausing within telomeric DNA [49]. However, telomere
replication is still Rrm3-sensitive in sirA cells. The Sir complex, as well as Rif1, another
telomere-associated protein does not bind directly to telomeric DNA. Rather Sir3, Sir4 and
Rif1 are brought to telomeres and internal telomeric tracts via protein-protein interactions
with Rap1 [50-52], the duplex sequence-specific telomeric DNA binding protein that binds
about every 18 bps within telomeric DNA [53, 54]. Deletion of R/F1 is also not sufficient to
relieve fork pausing within telomeres [55]. Rrm3 is probably needed to move forks past
telomere bound Rapl, as Rapl confers Rrm3-sensitive replication at the silent mating type
locus (discussed below).

The Newlon lab discovered that tRNA genes (hereafter, tDNAs) and centromeres are sites of
modest fork pausing in WT yeast cells [56, 57]. Analysis of 2D gels show that fork
progression through both structures is Rrm3-sensitive [49]. Fork pausing is increased about
3-fold at centromeres in rrm3A cells, and to even greater but varying extents at different
tDNAs, depending on the direction of fork movement through the genes [24, 49]. The small,
=125 bp yeast centromere has three domains, two of which are bound by sequence-specific
DNA binding protein(s). Cbfl binds CDEI , an 8 bp motif, while an essential four-protein
complex called Cbf3 binds the 26 bp CDEIII motif [58]. Single base-pair changes in CDEIII
that prevent Cbf3 binding eliminate fork pausing (as well as centromere function) in WT
cells [57, 59], while deletion of CBF1 reduces pausing and centromere function [25]. Both
Cbf1 and probably Cbf3 are more potent impediments to fork progression in rrm3A4 cells.
Pausing is also reduced in rrm3A cells that lack Tof1 [25], a protein that stabilizes protein
complexes at centromeres and elsewhere [60, 61]. At tDNAs, the very stable transcription
pre-initiation complex is bound to the genes throughout most of the cell cycle. Mutating the
tDNA promoter eliminates fork pausing at tDNAs in WT and rrm3A cells (and also
eliminates transcription) [49]. However, increasing the size of the transcribed region at
tDNASs does not increase the size of the replication pause in WT or rrm3A4 cells [49]. Thus,
as at centromeres and the RFB, proteins likely cause fork stalling at tDNAs in WT cells and
their presence makes replication particularly slow in rrm3A cells [23, 24].

An inactive origin is a sequence that can support replication of an extra-chromosomal
plasmid but is rarely an active origin in its native chromosomal context. Inactive origins in
subtelomeric DNA [34] and rDNA [16] are sites of Rrm3-sensitive fork pausing. By the
criterion of 2D gels, six of six additional inactive origins are Rrm3-sensitive [49]. Among
the Rrm3-sensitive inactive origins are those at the E and | sites of the two silent mating type
loci, HML and HMR. Although they rarely fire, inactive origins are still bound by the eight
subunit ORC complex [62, 63]. When the ORC binding site at HMR is mutated so that it no
longer binds ORC, replication through the site is no longer Rrm3-sensitive [49]. HMR E
also binds Rap1, the protein found at telomeres, and again mutation of its binding site,
eliminates Rapl binding and Rrm3-sensitive DNA replication. Thus, at multiple Rrm3-
dependent sites, Rrm3 helps the fork move past non-nucleosomal protein complexes.

In all, there are about 1400 sites in the S. cerevisiae genome whose replication is Rrm3
sensitive [49, 64]. The increased pausing in rrm3A cells is detected not only by 2D gels, but
also by genome-wide methods that determine peaks of DNA polymerase Il binding, the
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leading strand DNA polymerase [64]. Rrm3 sensitivity is limited to specific loci, as
replication proceeds normally throughout most of the genome in its absence [49, 65].
However, all genomic sites bind Rrm3 at their time of replication [64, 65], and Rrm3
interacts physically with the catalytic subunit of DNA polymerase Il and other components
of the replisome in vivo [65, 66]. Thus, Rrm3 is part of the replisome. In contrast, ScPifl,
which is recruited to its targets after their replication [20, 25], is not a replisome component.

Despite their sequence similarity, most functional studies suggest that ScPif1 and Rrm3 have
distinct biological functions even when they affect the same substrates. For example, ScPifl
inhibits telomerase-mediated telomere lengthening [15, 67] while Rrm3 promotes semi-
conservative replication of telomeric DNA [34]. Nonetheless, at some substrates, the two
helicases have partially overlapping activities. Thus, while Rrm3 does not suppress DNA
damage at G4 motifs in WT cells, it does so in pifl-m2 cells [22]. ScPifl promotes
replication through tDNAs and centromeres in rrm3Abut not WT cells [23-25]. At least at
centromeres, the temporal binding of ScPifl to centromeres, which occurs in late S phase in
WT cells, moves to earlier in the cell cycle in rrm3A cells, placing it at centromeres at their
time of replication [25]. These overlapping roles allow each of the helicases to compensate
for the absence of the other. and suggest that the two helicases might have similar
biochemical activities. Unfortunately, there is little biochemistry on Rrm3, owing to
difficulties purifying it in active form, although this situation is changing [68].

SpPfh1l, the sole fission yeast Pifl family helicase is essential

Like most eukaryotes, Schizosaccharomyces pombe (fission yeast) has only one P/F1-like
gene, pfh1* (PIF1 homolog; originally called rph1* for RRM3/PIF1 homolog; [15]). pfhl*
was isolated and characterized by two groups. The Zakian lab isolated pfh1* by degenerate
PCR on S. pombe DNA using primers to the coding regions for the most conserved amino
acids in both ScPifl and a C. maltosa Pifl-like protein discovered in the DNA database [69].
They demonstrated 5’ to 3’ helicase activity for an amino terminally truncated version of
SpPfhl and found that pf14 spore clones divide one to three times before they terminally
arrest in G2 phase with a 2C DNA content and an elongated cell phenotype. Elongated cells
are characteristic of S. pombe cells with defects at a post-initiation stage of DNA replication.
Thus, unlike either RRM3 or ScPIF1, pfhl* is essential. Telomeres in pff1A spore clones
are modestly shorter than in WT cells, even though the pf7114 cells divided only a few times
in the absence of SpPfh1. Mutation of the ATP binding Walker A box indicates that the
ATPase/helicase activity of SpPfhl is required for its essential function(s).

The Yuasa lab identified a cold sensitive allele of pfi1+ (pfh1-RZ20) in a screen for genes
whose mutation rescues the temperature sensitivity of the cdc24-M38 mutation[70]. As with
prhiAcells, pfh1-R20 cells are elongated at restrictive temperature, and this elongation is
due to activation of DNA damage checkpoints [70]. Both groups reported that the sequence
of SpPfhl is “40% identical to that of both ScPifl and Rrm3, although the similarity is
limited to the helicase domain.

cde24+ function is essential for S phase progression, and its interaction with Dna2 suggests
that it acts in Okazaki fragment maturation [71, 72]. In addition, pfh1-R20 cells are sensitive
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to hydroxyurea (HU) and methyl methane sulphonate (MMS). These sensitivities suggest
roles for SpPfh1 in both DNA replication and repair. Consistent with a repair function,
SpPfh1l interacts genetically and biochemically with Cdc24, a protein involved in end
resection of DNA double strand breaks [71-75].

The organization of the SpPfh1 protein is similar to that of ScPifl and Rrm3 (Fig. 2). The
7425 amino acid helicase domain is 41% and 43% identical to that of ScPifl and Rrm3,
respectively, while its amino and carboxyl-terminal domains are not similar to those of either
budding yeast protein. Like ScPifl, SpPfh1 has a mitochondrial targeting signal in its
amino-terminal region [69] (yellow rectangle Fig. 2), and GFP tagged SpPfh1 localizes to
both mitochondria and nuclei [76]. As with ScPif1, there are two isoforms of SpPfh1: the
prhi-m1 allele produces only the mitochondrial isoform while pff1-m21 produces only the
nuclear isoform. Both the nuclear and mitochondrial isoforms are essential. Even though the
helicase domain of SpPfh1 is about equally similar to ScPifl and Rrm3, expression of Rrm3
(but not ScPifl) suppresses most of the nuclear defects of cold sensitive pfiZ-mt*cells. In
contrast, even though ScPifl and Rrm3 both localize to S. pombe mitochondria, neither
protein provides long term rescue of the mitochondrial deficiency of pfhI-nuc cells [76].

The sequence similarities of SpPfhl, ScPifl and Rrm3 are reflected in their in vivo
functions. First, like pifl-m1 or pifiA cells, pfh1-nuc cells rapidly lose mtDNA [76], which
explains its essential function in mitochondria, as mtDNA is required for viability of S.
pombe. Second, like ScPifl and Rrm3, SpPfh1 affects telomeres. However, unlike ScPif1,
SpPfh1 does not inhibit telomerase as its absence results in modest telomere shortening [69],
and its overexpression results in telomere lengthening [77]. Rather, like Rrm3, SpPfh1l
promotes fork progression through telomeres [77]. Third, SpPfh1 affects Okazaki fragment
maturation, and it probably does so by a mechanism similar to that of ScPifl, as lack of
SpPrhl suppresses the temperature sensitivity of dna2-C2cells [70, 75]. Consistent with
these data, Dna2 co-purifies with SpPfhl [66], and SpPfh1 unwinds 5’ flapped duplex
substrates that resemble intermediates in Okazaki fragment maturation [10, 75]. Fourth,
SpPfh1 promotes DNA repair, as does Rrm3 [78]. Finally, like ScPifl and especially Rrm3,
SpPfh1 promotes fork progression at hard to replicate protein complexes and stable DNA
secondary structures (details below).

The finding that Rrm3 can provide multiple SpPfh1 nuclear functions [76] prompted us to
test if SpPfhl, like Rrm3, promotes fork progression through hard to replicate sites. Analysis
of 2D gels was used to examine replication fork progression in SpPfh1-depleted cells at the
same classes of sites that are Rrm3-dependent in S. cerevisiae [79]. As in rrm3A cells, fork
pausing and DNA damage are increased in SpPfh1l-depleted cells at the rDNA RFB [79, 80],
tDNAS, 5S genes, and the RTS (an RFB within the mating type locus) [79]. The increased
pausing at the RTS is protein dependent. Thus, like Rrm3, SpPfh1l promotes fork
progression through stable protein complexes. Like Rrm3 and ScPifl [16, 68], SpPfhl
contributes to resolution of converged replication forks [79, 80]. Finally, in WT S. pombe,
forks move slowly through the most active RNA polymerase Il transcribed genes, and this
slowing is increased in SpPfh1-depleted cells [79]. SpPfhl, like Rrm3, moves with the
replisome [66]. Therefore, SpPfh1l and Rrm3 bind all nuclear sequences at their time of
replication [66], but binding of both proteins is higher at hard-to-replicate sites [66, 79].
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By most criteria, SpPfh1 has Rrm3-like activities during semi-conservative DNA replication.
However, there are two classes of sequences where SpPfh1 bears greater resemblance to
ScPifl. The first is mtDNA, as mtDNA is rapidly lost in both SpPfh1-depleted [76] and
piflA cells [35, 81]. However, the specific role of these helicases during mitochondrial DNA
replication is not known. Moreover, as the structure of mtDNA in S. cerevisiae and S. pombe
is very different, it is possible that ScPifl and SpPfh1 affect replication of mtDNA by
different mechanisms. Second, genome-wide analyses show that SpPfh1 binds many G4
motifs /n vivo, and its depletion is linked to fork pausing and DNA damage at many such
sites [82], activities it shares with ScPifl [12, 20].

Thus, in addition to other activities, ScPifl, Rrm3 and SpPfh1 are each accessory DNA
helicases that help replication forks move through sites that are hard-to-replicate, either
because they form stable protein complexes or stable DNA secondary structures. These
similarities suggest that ScPifl family helicases in higher eukaryotes might also function as
accessory DNA helicases. Other functions of Pifl family helicases, such as inhibition of
telomerase, are not conserved.

Given the functional overlaps between SpPfh1 and its two budding yeast homologs, it is not
surprising that the biochemical activities of SpPfh1 parallel those of the well-studied ScPifl.
Like ScPifl [26, 27], SpPfh1 displays a higher preference for unwinding RNA-DNA hybrids
and forked substrates over tailed duplex DNA [10], unwinds G4 substrates efficiently,
displaces proteins from DNA, and anneals complementary single-stranded DNAs [10, 83].
Both ATPase activity and the SM motif are required for all of these activities, except for
SpPfh1-dependent strand annealing [10]. Mammalian Pifl family helicases also unwind G4
structures [84].

Evidence that Pifl family helicases act at R-loops in vivo

There are multiple DNA helicases that are implicated in R-loop removal /n vivo. Probably
the best studied of these are the S. cerevisiae Senl and Senataxin (encoded by SETX), its
homolog in higher eukaryotes [85-89]. Senl, a 5’ to 3’ DNA helicase, is a subunit of an
essential trimeric protein complex NNS (Nrd1-Nab3-Senl) that acts in termination of RNA
Polymerase Il transcription, affects 3’ end formation of certain RNAs, and coordinates
replication through transcribed regions [85-87, 90, 91]. Senataxin resolves RNA-DNA
hybrids at DNA double strand breaks [92] and affects termination of polymerase 11
transcription by resolving R-loops [93]. Although Senl can translocate on both single-
stranded RNA and DNA, its unwinding of an RNA/DNA is extremely low [94]. Biochemical
assays for senataxin acting on RNA-DNA hybrids have not been reported.

We conclude this review by considering the possibility that Pif1 family helicases also
function at R-loops. This possibility is suggested by the efficient action of both ScPifl and
SpPfh1 at displacing RNA from RNA-DNA hybrids [10, 27, 28].

ScPifl, Rrm3, and SpPfh1 promote fork progression at highly transcribed RNA polymerase
I11 genes. Although pausing at these genes occurs even in WT S. cerevisiae and S. pombe
cells, its level is increased substantially in r7m34[49] and SpPfh1-depleted cells [79].
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ScPifl also promotes replication at tDNAs but only in rrm3A cells [23, 24]. Thus, ScPifl is a
backup for Rrm3 during tDNA replication. R-loops are detected at S. cerevisiae tDNAs, and,
like other R-loops, those at tDNAs are increased in the absence of RNase H [95-97].
Although R-loops cause fork pausing in other contexts [98, 99], fork pausing at S. cerevisiae
tDNASs is not increased in rmh1A mh201A cells (RNHI encodes RNase H1; RNHZ201
encodes the catalytic subunit of RNase H2) [23]. Rather, fork pausing at tDNAs is due to the
presence of the multi-protein transcription pre-initiation complex [49, 57]. However, R-loops
cause DNA damage at S. cerevisiae tDNAs, and this damage is increased in cells lacking
both ScPifl and Rrm3 [24]. Over-expression of Rnh1 in pif1-m2 rrm3A cells decreases
DNA damage at tDNAs. These data argue that in S. cerevisiae ScPifl and Rrm3 act
redundantly and in cooperation with RNase H1 to dismantle R-loops at tDNAs and to
suppress R-loop mediated DNA damage. Although the same types of experiments have not
been done in S. pombe, a parsimonious view predicts that the mechanism of SpPfh1 action
at RNA polymerase |11 transcribed genes is likely similar in the two organisms.

Recent data suggest a role for ScPifl and Rrm3 in R-loop removal at S. cerevisiae
centromeres (Chen et al., under review). S. cerevisiae centromeres replicate relatively early
in S phase [25, 100]. In WT S. cerevisiae, replication forks pause transiently at centromeres
[57], and this pausing is increased in rrm3A4[49] and even more in pifl-m2 rrm3A cells [25].
Thus, at both tDNAs and centromeres, ScPifl is a backup for Rrm3 during DNA replication.
As at tDNAs, fork pausing at centromeres appears to be due to the presence of multiple
centromere binding proteins, including Cbfl and the four-protein Cbf3 complex [25, 57]
(Chen et al., under review). RNase H1-sensitive R-loops are detected at S. cerevisiae
centromeres in a narrow window in the cell cycle that occurs mainly after centromere
replication (Chen et al., under review). Cbfl binding to centromeres is lost at about the same
time in the cell cycle when cen-RNAs appear (Chen et al., under review), and cbf1A cells
express 5-12 more cen-RNA than WT cells (Chen et al., under review, [101]). Thus, the S.
cerevisiae Cbfl is a cell cycle-regulated repressor of centromere transcription.

The link between Pifl family proteins and cen-RNA comes from a transient “two-fold
increase in cen-RNA seen in pifl-m2 rrm3A cells (Chen et al., under review). In addition,
cen-RNA is even more abundant in pifZ-m2 rrm3A4 rmh1A cells. These data make a strong
argument that ScPifl and Rrm3 contribute to the dismantling of centromeric R-loops by a
pathway that parallels that of RNase H1. Preliminary data suggest that when cen-RNA is
removed by ScPifl/Rrm3, it is targeted to the exosome for degradation. The impact of
SpPfh1 on replication or transcription of S. pombe centromeres has not been determined, so
it is not known if action at centromeres is a conserved function of Pifl family DNA
helicases.

The ORFs of the most highly transcribed RNA polymerase 11 genes are sites of fork slowing
in both S. cerevisiae [64] and S. pombe [66]. This pausing occurs during the gene’s
replication and can be seen by both 2D gels and by ChIP, which shows elevated DNA
polymerase binding to these genes [64, 79]. In S. cerevisiae, DNA polymerase occupancy is
higher within the ORFs than at the promoters of highly transcribed genes. Therefore, fork
pausing is not caused by transcription initiation complexes. Rather in S. cerevisiae, high
DNA polymerase occupancy is associated with the simultaneous presence of multiple
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transcription complexes moving through a gene at their time of replication [64]. The impact
of RNA polymerase Il transcription on fork progression is not exacerbated in rrm3A4 cells,
while both DNA polymerase occupancy and DNA damage are increased at highly expressed
RNA polymerase 1l genes in SpPfhl-depleted S. pombe cells [66, 79]. However, fork
pausing within highly transcribed S. cerevisiae ORFs has not been examined in pifl-m2
rrm3A cells. Thus, it is possible that ScPifl and Rrm3 have redundant functions in fork
progression at highly transcribed RNA polymerase 11 genes as they do at tDNAs and
centromeres. Pifl family helicases could promote fork progression at RNA polymerase Il
genes by dismantling R-loops or by evicting transcription complexes (or both).

Inhibition of telomerase at telomeres and double strand breaks was the first identified
nuclear function of ScPifl [8, 15, 67]. By /n vivoand in vitro assays, the ATPase activity of
ScPifl is needed to release Est2, the catalytic subunit of S. cerevisiae telomerase from DNA
ends [67, 102]. Binding of Est2 to DNA is dependent on TLC1 RNA, the RNA subunit of
telomerase [103, 104]. When telomerase is elongating telomeric DNA, the templating region
in TLCL1 is base-paired to the G-rich strand of telomeric DNA. Therefore, Pifl-mediated
eviction of S. cerevisiae telomerase from DNA might involve unwinding the telomerase
RNA-telomeric DNA hybrid that is an intermediate in telomere lengthening, as releasing
TLC1 would also release the protein subunits of telomerase. Alternatively (or in addition),
ScPifl could act directly on the protein subunits of telomerase [67].

Pif1 family helicases are unlikely to carry out all of their activities by removing R-loops. For
example, in S. cerevisiae mtDNA, the pattern of ScPifl binding within the 75 kb
mitochondrial genome is completely different from the distribution of mtDNA R-loops (C-F
Chen. S. Pott, and V.A. Zakian, unpublished data) [96]. During Okazaki fragment
maturation and BIR, ScPifl probably acts by stimulating the activity of DNA polymerase
delta [13, 17, 19]. It is difficult to imagine that the roles of ScPifl and SpPfh1 in promoting
DNA replication and suppressing DNA damage at G4 structures involve R-loop removal.

Correlating individual /n vivo functions with distinct biochemical activities of Pifl family
helicases is an important next step in understanding the multi-functional Pifl family
helicases. Based on the crystal structure of ScPifl bound to single-stranded DNA combined
with molecular modeling, several ScP/F1 mutant alleles were generated that are defective
for G4 binding and unwinding [105]. To know if these mutants are separation of function
alleles, the mutant proteins must be tested for their ability to displace RNA and/or protein
from DNA /n vitro and for their ability to support /n vivo functions. For example, even
though S. cerevisiae mtDNA is A+T- rich, it has a 10-fold higher G4 content than any of the
nuclear chromosomes [106]. Thus, it is possible that ScPifl affects maintenance of mtDNA
by resolving G4 structures. Separation of function alleles of ScP/F1, RRMS3, and pfh1+that
are specifically defective in R-loop displacement would be enormously useful to understand
how this activity contributes to each of the known /n vivo functions of each helicase

In summary, there are several /17 vivo situations where the ability of Pifl family helicases to
unwind RNA-DNA hybrids efficiently can act in addition to (or in place of) RNase H
enzymes to dismantle R-loops. In S. cerevisiae, these sites include genes that are highly
transcribed by RNA polymerase 111 and centromeric DNA, while fission yeast Pfh1 also acts
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at both RNA polymerase 11 and 111 transcribed genes. We propose that the actions of Pifl
family helicases in R-loop removal is coupled with exosome-mediated degradation of the
released RNA.
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Figure 1.
RNase H and the Pifl family helicases mediate R-loop metabolism. R-loops are formed

during transcription when the nascent RNA hybridizes with the DNA template resulting in
the displacement of the non-transcribed DNA strand. R-loop resolution can be accomplished
by RNase H-mediated degradation of the hybrid RNA or by being unwound and displaced
by a DNA helicase, such as a Pifl family helicase. In the latter model, the displaced RNA
can either be targeted for degradation via the exosome or it can continue to be processed into
a functional non-coding RNA or protein.
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Figure 2.
Schematics of the structures of three Pifl family DNA helicases: S. cerevisiae Pifl, S.

cerevisiae Rrm3, and S. pombe Pthl. Each protein contains an amino-terminal domain
(green) and a carboxyl-terminal domain (purple): the slashes indicate that the amino and
carboxyl termini are divergent in sequence and size among the three helicases. The amino-
terminal domain contains a putative mitochondrial targeting sequence (yellow) that has been
confirmed for ScPifl and SpPfh1. The first and second methionine marking the start of the
mitochondrial (M1) and nuclear (M2) isoforms are indicated. The positions of the seven
conserved helicase motifs are indicated by blue rectangles and roman numerals. The Pifl
signature motif (SM) distinguishes Pifl1 family helicases from other SFI helicases and like
the seven canonical helicase motifs is essential for ATPase activity (orange rectangle). Three
motifs of unknown function that have high homology to £.co/i RecD are indicated (blue
rectangles; labeled A, B and C). The helicase domains (in white) are ~40% identical in all
pair-wise combinations. The boundaries of the amino-terminal domains are based on the
first amino-acid in helicase motif I; the boundaries of the carboxyl terminal domain are
determined by the last amino acid in helicase motif VI.
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Figure 3.
(A) Schematic of the location and features of the S. cerevisiae rDNA array on chromosome

XII. The rDNA array is a 1-2 mega base region on the right arm of chromosome XII that is
composed of 100-200 copies of the rDNA repeat. Each 9.1 kb repeat is positioned in a head
to tail orientation and encodes the 35S rRNA transcript, which is processed to generate the
25S, 5.8S, and 18S rRNAs. Each repeat also contains an origin of DNA replication (ORI), a
5S gene, and the replication fork barrier or RFB. (B) Schematic depicting the rDNA array
being replicated over time. A portion of the rDNA array containing seven 9.1 kb repeats is
shown. In each S phase, an origin is activated in a subset (10-25%) of the repeats (in the
schematic, active ORIs are shown in the first and next to last repeats). Initially, replication
forks move bi-directionally from each active origin. However, rightward moving forks are
arrest at the RFB (green squares) while leftward moving forks continue until they encounter
and merge with a stalled fork at the RFB. Blue arrows represent the 35S transcript. (C)
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Schematic of 2D gel pattern of Bgl-1I-digested rDNA after separation by 2D gels and
probing with a portion of the Bgl-11 fragment. Signal derived from converging forks (X-
shaped molecules) and forks arrested at the RFB are depicted. 1N indicates non-replicating
linear Bgl-11 fragments. 2N indicates near fully replicated Bgl-I1 fragments. (D) Schematic
of the 4.57 kb Bgl-11 fragment that contains the RFB and rDNA ARS in relation to portions
of the 35S and the 5S gene. (E) Southern blot analysis of 2D gels performed on the Bgl-II
fragment of the rDNA in WT cells. (F) Southern blot analysis of 2D gels performed on the
Bgl-11 fragment of the rDNA in pif1 cells. (G) Southern blot analysis of 2D gels performed
on the Bgl-11 fragment of the rDNA in rrm3A cells. In these cells, replication forks pause at
three new locations (blue arrow heads; lowercase letters a, b, c) relative to WT cells; the 3’
end of the 35S gene (a), the 5S gene (b) and the ORI (c) . Southern blot images of 2D gels
are reproduced with permission from [16].
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